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Abstract 
7KH VHOHFWLRQ RI SURFHVV SDUDPHWHU YDOXHV IRU KRQLQJ RSHUDWLRQV LV FKDOOHQJLQJ VLQFH WKHLU HIIHFW RQ WKH UHVXOWLQJ VXUIDFH
FKDUDFWHULVWLFVLVGLIILFXOWWRSUHGLFW:LWKWKHULJKWVHWWLQJVWKHILQLVKLQJRSHUDWLRQVFDQUHGXFHVXUIDFHURXJKQHVVYDOXHVHQKDQFH
WKHVKDSHDFFXUDF\RIERUHVDQGVKDIWVDQGFUHDWHVXUIDFHWRSRJUDSKLHVZLWKLPSURYHGIXQFWLRQDOSURSHUWLHV
,QWKLVSDSHUDPRGHOIRUKRQLQJRSHUDWLRQVEDVHGRQPLFURVFRSLFVFDQVRIWRROWRSRJUDSKLHVLVSUHVHQWHG7KHPRGHODOORZVWKH
VLPXODWLRQRIPDWHULDOUHPRYDOGXULQJWKHSURFHVVE\WDNLQJIRUFHFRQWUROOHGKRQLQJRSHUDWLRQVLQWRDFFRXQW

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH,QWHUQDWLRQDO6FLHQWLILF&RPPLWWHHRIWKHUG&,53*OREDO:HE&RQIHUHQFH
LQWKHSHUVRQRIWKH&RQIHUHQFH&KDLU'U$OHVVDQGUD&DJJLDQR
.H\ZRUGV0RGHOOLQJ6LPXODWLRQ+RQLQJ)LQLVKLQJ)RUFH&RQWUROOHG0DFKLQLQJ
1. Introduction 
+LJKO\ UHVLVWLEOH VXUIDFHV FDQ EH PDQXIDFWXUHG E\
XVLQJ ILQLVKLQJ RSHUDWLRQV 7KHVH FDQ UHGXFH
GLPHQVLRQDO HUURUV DQG DIIHFW WKH PLFURWRSRJUDSK\ RI
WKH VXUIDFH$ W\SLFDO DSSOLFDWLRQRI ORQJVWURNHKRQLQJ
SURFHVVHV LV WKH PDQXIDFWXU RI F\OLQGHU OLQHUV ZKHUH
F\OLQGULFLW\FDQEHLPSURYHGDQGVXUIDFHVVKRXOGFRQWDLQ
GHHS JURRYHV >@ 6KRUWVWURNH KRQLQJ ILQLVKLQJ
RSHUDWLRQV UHGXFH WKH VXUIDFH URXJKQHVV LQ RUGHU WR
HQKDQFH WKH IXQFWLRQDO SURSHUWLHV RI WKH ZRUNSLHFH >@
'HWHUPLQLQJ SURFHVV SDUDPHWHU YDOXHV WKDW FUHDWH D
SUHGHWHUPLQHG WRSRJUDSK\ LV GLIILFXOW VLQFH WKHPDWHULDO
UHPRYDO SURFHVV LV FRPSOLFDWHG DQG WKH LQWHUUHODWLRQ RI
WKHSDUDPHWHUVLVFRPSOH[%HFDXVHRIWKLVH[SHULPHQWDO
LQYHVWLJDWLRQVRIILQLVKLQJRSHUDWLRQVDUHQHFHVVDU\DQG
PRGHOOLQJ WKH SURFHVV LV EHQHILFLDO )LUVW D EHWWHU
XQGHUVWDQGLQJ RI WKH IXQFWLRQDO GHSHQGHQFLHV EHWZHHQ
WKH LQSXW SDUDPHWHU YDOXHV DQG WKH UHVXOW WKH\ SURGXFH
KHOSV WR UHGXFH WKH DPRXQW RI WLPH WKDW LV QHHGHG IRU
SURFHVV SDUDPHWHUL]DWLRQ 6HFRQG PRGHOEDVHG
VLPXODWLRQ DSSURDFKHV DOORZ IRU D YLUWXDO RSWLPL]DWLRQ
SURFHVV LQ RUGHU WR DYRLG FRVWO\ H[SHULPHQWDO
LQYHVWLJDWLRQV
0RGHOVIRU WKHVLPXODWLRQRIKRQLQJRSHUDWLRQVKDYH
EHHQVWXGLHGZLWKYHU\GLIIHUHQWNH\DVSHFWV1XPHULFDO
PRGHOVIRUURWDWLQJWRROVKDYHEHHQXVHGWRVLPXODWHWKH
G\QDPLFWRROEHKDYLRUUHVSRQVLEOHIRUVXUIDFHIRUPDWLRQ
RQ WKHPDFURVFRSLF VFDOH >@5HL]HU HW DO VLPXODWH WKH
PDWHULDO UHPRYDO SURFHVV E\ DSSO\LQJ ILOWHUV DQG
WUDQVIRUPDWLRQV WR WKH PHDVXUHG GDWD LQ RUGHU WR
SUHGLFWHG ' SURILOHV DQG ' VXUIDFHV >@ 2Q WKH
PDFURVFRSLF VFDOH KRQLQJ SURFHVVHV KDYH EHHQ
LQYHVWLJDWHGLQ>@$QRWKHUPDWKHPDWLFDODSSURDFKWKDW
WDNHV PDQ\ HIIHFWV RI WKH SURFHVV LQWR DFFRXQW LV
GHVFULEHG LQ >@ %\ XVLQJ D QXPHULFDO DOJRULWKP WR
VLPXODWH VXUIDFH JHQHUDWLRQ WRRO G\QDPLF DQG
UHJHQHUDWLYHHIIHFWVRIWKHRSHUDWLRQDUHDFFRXQWHGIRU
$FRPPRQSUREOHPRIPDQ\PRGHOOLQJDSSURDFKHVLV
WKH DEVWUDFWLRQ RI WKH KRQLQJ RSHUDWLRQV HLWKHU E\
PDWKHPDWLFDO WUDQVLWLRQV RU E\ VXEVWLWXWLQJ WKH VXUIDFH
WRSRJUDSK\ ZLWK WKHLU FKDUDFWHULVWLF YDOXHV HJ
URXJKQHVV 7KH SRWHQWLDO IRU DQ LQFUHDVH LQ SURFHVV
NQRZOHGJH DQG VLPXODWLYH SUHGLFWLRQ DIIRUGHG E\ WKH
DYDLODELOLW\ RI D KRQLQJ SURFHVV PRGHO PRWLYDWHV WKH
UHVHDUFKSUHVHQWHGLQWKLVSDSHU7KHPRGHOGHYHORSHGLV
FDSDEOHRIGHVFULELQJPDWHULDOUHPRYDORQDPLFURVFRSLF
VFDOH DQG FRPSXWLQJ SURFHVV IRUFHV 7KLV DOORZV WKH
WUDQVLHQW VLPXODWLRQ RI IRUFHFRQWUROOHG KRQLQJ
RSHUDWLRQV
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
2. Process Model 
7KH EDVLF UHTXLUHPHQWV IRU D SURFHVV PRGHO
GHVFULELQJKRQLQJRSHUDWLRQVDUHDPRGHOIRUWKHWRROD
PRGHO IRU WKH ZRUNSLHFH DQG DPHWKRG IRU FRPSXWLQJ
WKH PDWHULDO UHPRYDO SURFHVV ,Q WKH IROORZLQJ ERWK
PRGHOV DUH GHVFULEHG DQG DPDWHULDO UHPRYDO DOJRULWKP
LVSUHVHQWHGWKDWFRQWDLQVDPRGHOIRUWKHSURFHVVIRUFHV
 7RRODQG:RUNSLHFH0RGHOV
+RQLQJSURFHVVHV DUH VXUIDFHSUHSDUDWLRQRSHUDWLRQV
DQG SODQDU SDUWV RI D ZRUNSLHFH FDQ EH DFFXUDWHO\
UHSUHVHQWHG E\ KHLJKW YDOXHV+HLJKWILHOGV DUH JULGOLNH
VWUXFWXUHVZLWKHTXLGLVWDQWO\DUUD\HGHQWULHVUHSUHVHQWLQJ
WKHVXUIDFHWRSRJUDSK\LQDVLPSOHDQGFRPSDFWPDQQHU
7KH VXUIDFH LV GLVFUHWL]HG DQG HDFKSDUFHO LV DVVRFLDWHG
ZLWK D IORDWLQJSRLQW QXPEHU UHSUHVHQWLQJ DQ H[DFW
KHLJKW QHJOHFWLQJ DQ LQKHUHQW OLPLWHG FRPSXWDWLRQDO
SUHFLVLRQ LQ FRPSXWHU KDUGZDUH $OO HQWULHV FRQWDLQ
UHODWLYH YDOXHV WKDW DUH WR EH VHW LQ UHODWLRQ WR VRPH
UHIHUHQFH KHLJKW ,Q FRQWUDVW WR WKH KRQLQJ VLPXODWLRQ
SUHVHQWHG LQ >@ WKH KHLJKWILHOG LV PDSSHG RQWR WKH
F\OLQGULFDO RXWHU VXUIDFH RI WKH ZRUNSLHFH WR DYRLG
GLVWRUWLRQV
$ KHLJKWILHOG PRGHOOLQJ WKH ZDOO RI D F\OLQGHU LV
VKRZQ LQ)LJD2QO\ D VPDOO DUHDRI WKHZRUNSLHFH
KDVEHHQFDSWXUHGZLWKFRQIRFDOZKLWHOLJKWPLFURVFRS\
\LHOGLQJ D ORFDO PRGHO LQ KLJK GHWDLO ZLWK D YHU\ KLJK
UHVROXWLRQ RI P )LJE 7KLV GHJUHH RI
SUHFLVLRQ LV QHFHVVDU\ EHFDXVH RI WKH ORZ URXJKQHVV
YDOXHVWKDWDUHWREHH[SHFWHGLQILQLVKLQJRSHUDWLRQV$W
WKLV UHVROXWLRQ D PRGHO IRU D F\OLQGHU ZLWK GLDPHWHU
UZRUNSLHFH PPDQGKHLJKWK PPZRXOGUHTXLUHD
PHPRU\ VL]H IRU YDOXHV RI W\SH IORDW RI PRUH WKDQ
*% 7KLV VL]H FDQQRW EH KDQGOHG E\ FXUUHQW
FRPSXWHU ZRUNVWDWLRQV DQG WKH XVH RI WKH VLPXODWLRQ
ZRXOGEHTXHVWLRQDEOH


)LJD&RPSOHWHZRUNSLHFHPRGHOIRUDVKDIWDQGWKHFXUUHQW
FRQWDFWDUHDRIDILQLVKLQJEHOW\HOORZE0RGHORIDVPDOODUHDRI
WKHZRUNSLHFHZLWKKLJKHUSUHFLVLRQ

)LJD&DSWXUHGKHLJKWYDOXHVRIDILQLVKLQJEHOWE&RPSOHWH
PRGHORIWKHWRRO7KHUHGPDUNHGDUHDLVH[WUDSRODWHGE\PLUURULQJWR
HQVXUHFRQWLQXLW\RIWKHPRGHO7KHFRORUJUDGLHQWYLVXDOL]HVWKH
H[WUDSRODWLRQDOJRULWKPXVLQJPLUURULQJ
7KH WRROPRGHO LV EDVHG RQ WKUHHGLPHQVLRQDO VFDQV
RIILQLVKLQJEHOWVIRUZKLFKKHLJKWILHOGVDUHDOVRFUHDWHG
6LQFHVFDQQLQJWKHWRROLVYHU\WLPHFRQVXPLQJWKHWRRO
PRGHO LV HQODUJHG DQG WKH KHLJKW YDOXHV DUH FRSLHG E\
FRQVHFXWLYHO\ PLUURULQJ WKHP FI)LJ RYHU LWV
VXUIDFH7KHWRROPRGHOLVOLPLWHGWRWKHFRQWDFW]RQHRI
WKH ILQLVKLQJ EHOW ZLWK WKH ZRUNSLHFH ,Q WKH FRQWDFW
]RQH WKH WRRO LV SUHVVHG RQWR WKH VXUIDFH RI WKH
ZRUNSLHFHE\DSRO\PHUUROOHUDQGDVVXPHVWKHVKDSHRI
WKHVKDIW7RVLPXODWHWKLV WKHKHLJKWYDOXHVRIWKHWRRO
DUH PDSSHG RQWR D F\OLQGHU ZDOO $ FRPPRQ SUREOHP
DVVRFLDWHG ZLWK FRQIRFDO ZKLWH OLJKW PLFURVFRS\ LV WKH
LQWURGXFWLRQRIPHDVXULQJDUWLIDFWVE\UHIOHFWLQJVXUIDFHV
DQG VWHHS IODQNV UHVXOWLQJ LQ JDSV DQG VSLNHV LQ WKH
KHLJKWILHOG GDWD:KLOH WKH IRUPHU FDQ EH FRPSHQVDWHG
IRU YLD LQWHUSRODWLRQ ILOWHU DOJRULWKPV DUH UHTXLUHG WR
UHSDLUWKHODWWHU)RUWKHVLPXODWLRQUHVXOWVGHVFULEHGKHUH
WKHKHLJKWYDOXHVRIWKHWRROPRGHOKDYHEHHQFOLSSHGWR
D YDOXH WKDW ZDV GHWHUPLQHG E\ FRPSDULQJ WKH PRGHO
ZLWKUDVWHUHOHFWURQLPDJHVRIWKHWRRO
 7LPH'LVFUHWH3URFHVV6LPXODWLRQ
,Q WKHKRQLQJSURFHVV WKHZRUNSLHFH URWDWHVDQG WKH
ILQLVKLQJEHOWRVFLOODWHVD[LDOO\7KHFRPELQDWLRQRIERWK
PRYHPHQWV UHVXOWV LQ WKH DFWXDO FXWWLQJ VSHHG ,Q WKH
SURFHVV VLPXODWLRQ WKH FXWWLQJ VSHHG LV HPXODWHG
FRPSOHWHO\E\WKHWRROLQRUGHUWRDYRLGPXOWLSOHPRYLQJ
REMHFWVLQWKHYLVXDOL]DWLRQ6LQFHQRPRGHOIRUWRROZHDU
KDV\HWEHHQUHDOL]HGWKHIHHGRIWKHEHOWLVQHJOHFWHGVR
WKDW WKHZKROHRSHUDWLRQ LVSHUIRUPHGZLWKD VWDWLF WRRO
PRGHO 7KH SURFHVV VLPXODWLRQ SHUIRUPV WLPHGLVFUHWH
VLPXODWLRQVWHSVDQGFDOFXODWHVIRUHDFKSRLQWLQWLPHWKH
UHODWLYH SRVLWLRQ RI WKH WRRO 2Q WRS RI WKH RQJRLQJ
URWDWLRQDO DQG RVFLOODWRU\ PRYHPHQW RI WKH WRRO WKH
UHIHUHQFH UDGLXV UWRRO FDQ EHPRGXODWHG LQ RUGHU WR WDNH
IRUFHFRQWUROOHG KRQLQJ LQWR DFFRXQW )RU HDFK
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FRQILJXUDWLRQ WKH WRROZRUNSLHFH LQWHUVHFWLRQ LV
GHWHUPLQHGIRUHDFKYDOXHRIWKHZRUNSLHFHKHLJKWILHOG

)LJ3URMHFWLRQRIKHLJKWYDOXHVWRGHWHUPLQHWKHWRROLQWHUVHFWLRQ
D1HDUHVWQHLJKERUDSSURDFKE%LOLQHDULQWHUSRODWLRQRIYDOXHV
7KHPDLQUHTXLUHPHQWIRUDSUHFLVHLQWHUVHFWLRQLVWKH
DVVXPSWLRQRIDVKDUHGD[LVRIURWDWLRQ7KLVUHGXFHVWKH
SUREOHP WR WZR GLPHQVLRQV )RU WKLV WKH DQJOH DQG
UDGLXVRIWKHF\OLQGULFDOFRRUGLQDWHVRIWKHZRUNSLHFHDUH
SURMHFWHG RQWR WKH UHIHUHQFH UDGLXV RI WKH WRRO )LJ
GLVSOD\V WKH SURMHFWLRQ RI WKH KHLJKW YDOXHV RI WKH
ZRUNSLHFHLQRUGHUWRGHWHUPLQHWKHLQWHUVHFWLRQZLWKWKH
WRRO XWKLQJ D QHDUHVW QHLJKERU DSSURDFK )LJD RU
ELOLQHDU LQWHUSRODWLRQ )LJE GHSHQGLQJ RQ WKH
SUHFLVLRQRI WKH WRROPRGHO:LWKELOLQHDU LQWHUSRODWLRQ
WKHSUHFLVLRQRI WKH WRROPRGHOFDQEHUHGXFHGVHYHUHO\
VLQFHSODQDUSDUWVRIWKHWRROVXUIDFHDUHLQWHUSRODWHG,Q
FRQWUDVW WR WKLV WKH QHDUHVW QHLJKERU FRPSXWDWLRQ LV
IDVWHUEXWUHTXLUHVODUJHUDPRXQWVRIFRPSXWHUPHPRU\
$Q LPSRUWDQW SDUDPHWHU RI WKH VLPXODWLRQ LV WKH
WLPHVWHS ,I WKH FXWWLQJ LQFUHPHQW PHDQLQJ WKH
PRYHPHQWRIWKHWRROLQRQHVLPXODWLRQVWHSLVWRRODUJH
WKH JUDLQV SHUIRUDWH WKH VXUIDFH LQVWHDG RI FUHDWLQJ
FRQWLQXRXV JURRYHV 3UHYLRXV LQYHVWLJDWLRQV \LHOGHG
JRRG UHVXOWV LI WKH FXWWLQJ LQFUHPHQW LV HTXDO WRRU OHVV
WKDQ WKH ZRUNSLHFH UHVROXWLRQ DORQJ WKH FLUFXPIHUHQFH
>@
 0DWHULDO5HPRYDO6LPXODWLRQ
)RUHDFKSRUWLRQRIWKHZRUNSLHFHFXWE\WKHWRROLWV
KHLJKW YDOXHK LV VHW WR WKH FRUUHVSRQGLQJKHLJKW RI WKH
WRRO7KLVKHLJKWYDOXHWRRODEDWWKHSRVLWLRQDERIWKH
WRROPRGHOLVGHWHUPLQHGHLWKHUE\WKHQHDUHVWQHLJKERU
PHWKRG RU E\ ELOLQHDU LQWHUSRODWLRQ RI WKH IRXU QHDUHVW
YDOXHV
K WRRODEUWRROUZRUNSLHFHLQIHHG 
$ YLVXDOL]DWLRQ IRU RQH GLPHQVLRQ RI WKH PDWHULDO
UHPRYDO LV JLYHQ LQ )LJ $SDUW IURP FRQVLGHULQJ
GLIIHUHQW UDGLL IRU WKH WRRO UWRRO DQG WKH ZRUNSLHFH
UZRUNSLHFH WKHFXUUHQW UDGLDO LQIHHGRI WKH WRROKDV WREH
DFFRXQWHG IRU 6LQFH WKH KHLJKWILHOG GDWD GRHV QRW
FRQWDLQ DQ\ IL[HG UHIHUHQFH KHLJKW WKH GLIIHUHQW UDGLL
RFFXUDVDUHVXOWRIWKHVFDQQLQJWHFKQLTXH7KHROGDQG
WKH QHZ YDOXH RI HDFK KHLJKW DUH VWRUHG LQ D PDWHULDO
UHPRYDO JULG LQ RUGHU WR DQDO\]H WKH HQJDJHPHQW
)LJD SUHVHQWV WKH PDWHULDO UHPRYDO DQG )LJE
VKRZVDVHFWLRQDOYLHZRIDQH[HPSODU\URZRIWKHJULG

 )RUFH&DOFXODWLRQDQG3URFHVV&RQWURO
)RU HDFK VLPXODWLRQ VWHS WKH QRUPDO IRUFH PXVW EH
FDOFXODWHG LQ RUGHU WR PRGHO IRUFHFRQWUROOHG KRQLQJ
SURFHVVHV 7KH IRUFH FDOFXODWLRQ PDNHV XVH RI DQ
HPSLULFDO IRUFHPRGHOGHYHORSHGE\.LHQ]OH >@ZKLFK
KDVDOVREHHQDSSOLHGWRSUHGLFWSURFHVVIRUFHVRIPLOOLQJ
SURFHVVHV>@DQGJULQGLQJRSHUDWLRQV>@7KH.LHQ]OH
HTXDWLRQ ZDV GHYHORSHG IRU WXUQLQJ RSHUDWLRQV DQG
HVWLPDWHV WKH FXWWLQJ IRUFH EDVHG RQ UHIHUHQFH
H[SHULPHQWV DQG WKH SURMHFWHG DUHD RI WKH XQFXW FKLS
$FFRUGLQJO\IRUWKHIRUFHFRPSXWDWLRQRQDQLQWHUVHFWHG
KHLJKWILHOGWKHXQFXWFKLSWKLFNQHVVPXVWEHGHWHUPLQHG
LQ WKH HIIHFWLYH FXWWLQJ GLUHFWLRQ DQG LV VXPPHG XS
DIWHUZDUGV


)LJD0DWHULDOUHPRYDOJULGE6HFWLRQDOYLHZWKURXJKWKHJULG
F&DOFXODWLRQRIWKHGLIIHUHQFHRIHDFKURZLQWKHJULG
*LYHQ D PRYHPHQW RI WKH WRRO DORQJ WKH [D[LV WKH
GLIIHUHQFH EHWZHHQ WKH PD[LPXP DQG WKH PLQLPXP
YDOXH LQ HDFK URZ RI WKH PDWHULDO UHPRYDO JULG LV
FRPSXWHG)LJFGLVSOD\VWKHVHYDOXHVIRURQHURZRI
WKHPDWHULDOUHPRYDO7KLVVLPSOLILHGPRGHOQHJOHFWVWKH
HIIHFWV RI D ODUJHU JUDLQ WUDFLQJ WKH SDWK RI D VPDOOHU
JUDLQ )LJE VKRZV VXFK D VLWXDWLRQZLWK WKH VPDOOHU
JUDLQRQWKHULJKWDQGWKHODUJHUJUDLQRQWKHOHIW6LQFH
RQO\ D VPDOO IUDFWLRQ RI WKH WRRO VXUIDFH FRQWULEXWHV WR
PDWHULDO UHPRYDO DV FDQ EH VHHQ LQ )LJD DQG WKLV
WUDFLQJHIIHFW LVPLQLPDO WKHHIIHFWRQ WKHFRPSXWDWLRQ
RISURFHVVIRUFHVLVVPDOO
)RU D SUHFLVH IRUFH FDOFXODWLRQ WKH FRPSXWDWLRQ RI
PLQLPDDQGPD[LPDKDVWREHSHUIRUPHGLQWKHHIIHFWLYH
FXWWLQJGLUHFWLRQ7RVLPSOLI\ WKLV WKHPDWHULDOUHPRYDO
JULGPXVWEHURWDWHGWRDOORZWKHFRPSXWDWLRQRIWKHFKLS
WKLFNQHVVDORQJWKH[D[LV
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7KHLQWHUVHFWLRQRI WKHWRRODQG WKHZRUNSLHFHLQWKH
UHDOSURFHVVLVFRQWUROOHGE\DQHODVWLFUROOHUWKDWSUHVVHV
WKH ILQLVKLQJ EHOW ZLWK D SUHGHWHUPLQHG IRUFH RQWR WKH
VXUIDFHRI WKHZRUNSLHFH6LQFH WKHJUDLQVZLOOSURGXFH
GHHSHUJURYHVXQGHULQFUHDVHGSUHVVXUH WKHSUHVHQFHRI
DQ RSSRVLWH IRUFH UHVXOWLQJ IURP WKH FXWWLQJ SURFHVV LV
DVVXPHG )RU WKLV UHDVRQ WKH IRUFH FDOFXODWLRQ PHWKRG
GHVFULEHGDERYHLVXVHGWRFRQWUROWKHUDGLDOLQIHHGRIWKH
WRRO 7KLV WHFKQLTXH HOLPLQDWHV WKH QHHG WR PDQXDOO\
GHWHUPLQH WKH UHODWLYH SRVLWLRQLQJ RI WKH WRRO DQG WKH
ZRUNSLHFH
7KH FDOFXODWLRQ RI WKH UDGLDO LQIHHG LV EDVHG RQ D
SUHGHILQHG SUHVVXUH SWDUJHW WKDW KDV EHHQ XVHG IRU WKH
H[SHULPHQW DQG VKRXOG EH UHDFKHG LQ WKH SURFHVV )RU
HDFK VLPXODWLRQ VWHS DW WLPH W WKH LQFUHPHQW RI WKH
LQIHHG'ULQILVGHWHUPLQHG
'ULQI 'SVPRRWK·FI 
ZLWKWKHVPRRWKHGSUHVVXUHGLIIHUHQFH
'SVPRRWKW D·'SVPRRWKWD·'SW 
ZKHUH D LV D ZHLJKLQJ IDFWRU WR VPRRWK IOXFWXDWLQJ
IRUFHVDQG
'SW SVLPW±SWDUJHW 
)RUWKLVSVLPLVWKHFRPSXWHUVLPXODWHGIRUFHSHUPPð
DQGFILVXVHGLQRUGHUWRUHJXODWHWKHSURFHVV)RUIXUWKHU
H[SHULPHQWVFIKDVEHHQVHWWRPDQXDOO\/DUJHU
YDOXHV UHVXOW LQ D PRUH GLUHFW FRUUHFWLRQ EXW WKH
VLPXODWLRQ EHFRPHV XQVWDEOH IRU ODUJH SUHVVXUH
JUDGLHQWV 6PDOOHU YDOXHV GHOD\ WKH FRUUHFWLRQ RI WKH
LQIHHGEXWVPRRWKWKHG\QDPLFEHKDYLRURIWKHFRQWURO


)LJ6LPXODWHGSUHVVXUHDQGWKHUHVXOWLQJLQIHHGVIRUD DQG
FI PP03D3UHVVXUHDQGFI PP03D
3UHVVXUHUHVSHFWLYHO\
)LJ VKRZV D SORW RI SURFHVV SUHVVXUH IURP WKH
VLPXODWLRQDQG WKHUHVXOWLQJ LQIHHG$VFDQEHVHHQ WKH
LQIHHGLVFRQWUROOHGLQDZD\WKDWWKHGLIIHUHQFHEHWZHHQ
WKH SUHGHILQHG WDUJHW SUHVVXUH RI  03D DQG WKH
VLPXODWHGSUHVVXUH LVPLQLPL]HG7KHQRLVH LQ WKHIRUFH
UXQUHVXOWVIURPWKHUHDFWLRQRIWKHFRQWUROPHFKDQLVPWR
FKDQJLQJ HQJDJHPHQW FRQGLWLRQV $IWHU WKH LQLWLDO
HQJDJHPHQWRIWKHWRROZKHUHDYHU\VPDOOYDOXHIRUWKH
LQIHHGKDGEHHQVHOHFWHGQRIXUWKHULQVWDELOLW\RFFXUV
3. Experimental Investigation 
)RU WKH FDOLEUDWLRQ RI WKH VLPXODWLRQ V\VWHP DQG D
FRPSDULVRQ RI WKH VLPXODWLRQ RXWSXW ZLWK UHDO UHVXOWV
H[SHULPHQWV KDYH EHHQ SHUIRUPHG FRYHULQJ WKH PRVW
LPSRUWDQW SURFHVV SDUDPHWHUV %\ XVLQJ D FHQWUDO
FRPSRVLWH GHVLJQ &&' IRU WKH H[SHULPHQWDO
LQYHVWLJDWLRQV D WRWDO RI  H[SHULPHQWV KDYH EHHQ
FRQGXFWHG6KDIWVRIXQKDUGHQHG&UZHUHJURXQGWR
D GHILQHG GLDPHWHU RI DERXW PP 7KH SUHSDUHG
ZRUNSLHFHV ZHUH WKHQ PLFURILQLVKHG ZLWK D ILQLVKLQJ
EHOW ZLWK HOXWULDWHG $O2 JUDLQV RI VL]H P 7KH
H[SHULPHQWV ZHUH FRQGXFWHG ZLWKRXW D OXEULFDQW E\
XVLQJD6XSILQDILQLVKLQJGHYLFHWKDWZDVPRXQWHGRQWR
D 0$* %RHKULQJHU 0  WXUQLQJ PDFKLQH ZKLFK LV
VKRZQLQ)LJ
7DEOH3DUDPHWHUUDQJHVIRUWKHGHVLJQRIH[SHULPHQWV
3DUDPHWHU 0LQLPXP 0D[LPXP
7LPHW>V@  
6SHHGYX>PPLQ@  
3UHVVXUH)>1@  
%HOW)HHGYE>PPPLQ@  


)LJ([SHULPHQWDOVHWXS
7KH SURFHVV SDUDPHWHUV WKDW KDYH EHHQ YDULHG DUH
OLVWHGLQ7DEOH$VGHVFULEHGLQVHFWLRQWKHIHHGRI
WKHILQLVKLQJEHOW LVQHJOHFWHGLQWKHSURFHVVPRGHO)RU
DOOVLPXODWLRQV WKHSUHVVXUHZDVGLYLGHGE\ WKH FRQWDFW
DUHD EHWZHHQ WKH WRRO DQG WKH ZRUNSLHFH RI PPð
7KLVLVQHFHVVDU\VLQFHGXHWRSHUIRUPDQFHUHDVRQVWKH
WRRO PD\ RQO\ SDUWLDOO\ UHPDLQ LQ FRQWDFW ZLWK WKH
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ZRUNSLHFH ,Q DOO H[SHULPHQWV WKH EHOW RVFLOODWHV DW
+] LQ WKH D[LDO GLUHFWLRQ ZLWK DQ DPSOLWXGH RI
PP7KXV WKHKHLJKWRIWKHWRROPRGHOKDVWREHDW
OHDVW DV KLJK DV WKH ZRUNSLHFH PRGHO SOXV
[PP PP
7KHWRSRJUDSK\RIWKHLQLWLDOO\JURXQGVXUIDFHRIWKH
ZRUNSLHFHV ZDV FDSWXUHG E\ FRQIRFDO ZKLWHOLJKW
PLFURVFRS\DQGXVHGDV LQLWLDOL]DWLRQ IRU WKHZRUNSLHFH
PRGHO 3URILOHV RI WKH UHVXOWLQJ VXUIDFH RI HDFK
H[SHULPHQW ZHUH FDSWXUHG WDFWLOHO\ DORQJ WKH URWDWLRQDO
D[LV
4. Simulation Results 
7KHVHWXSRIWKHVLPXODWLRQSDUDPHWHUVLVLPSRUWDQWLQ
RUGHU WR FUHDWH D PRGHO WKDW LV FDSDEOH RI SUHGLFWLQJ
H[SHULPHQWDO UHVXOWV ,Q WKH IROORZLQJ D WRRO PRGHO RI
VL]H PP[PP SUHFLVLRQ P LV XVHG IRU
DOO VLPXODWLRQV :LWK WKLV FRQILJXUDWLRQ LQ HYHU\
UHYROXWLRQWKHWRROLQWHUVHFWVWKHZRUNSLHFH7KHVL]HRI
WKH ZRUNSLHFH PRGHO LV YHU\ LPSRUWDQW IRU WKH
FRPSXWDWLRQRISURFHVVIRUFHVDQGWKHLQIHHGFRQWURO$Q
LGHDO VL]H ZRXOG FRYHU WKH FRPSOHWH KHLJKW RI WKH
ZRUNSLHFHDQGDPLQLPXPRIWZRWLPHVWKHZLGWKRIWKH
FRQWDFWDUHD:LWKWKLVFRQILJXUDWLRQWKHHQJDJHPHQWRI
WKHWRRODQGWKHZRUNSLHFHFRYHUVWKHZKROHFRQWDFWDUHD
DQG WKH G\QDPLF LQIHHG UHJXODWLRQ VWDELOL]HV EHIRUH WKH
PDWHULDO UHPRYDO WDNHV SODFH RQ WKH FRUH UHJLRQ RI WKH
ZRUNSLHFH PRGHO :KHQ VPDOOHU PRGHOV DUH XVHG WKH
HQJDJHPHQW LV LQIOXHQFHG E\ VLQJOH JUDLQV RI WKH WRRO
PRGHO ZKLFK FROOLGH ZLWK WKH ZRUNSLHFH FDXVLQJ YHU\
DEUXSWFKDQJHV LQ WKH VLPXODWHG IRUFH)RUD VLPXODWLRQ
ZLWKDPLQLPDOZRUNSLHFHPRGHOFRQVLVWLQJRIRQO\RQH
FROXPQ ZKLFK LV VXIILFLHQW IRU WKH FRPSXWDWLRQ RI D
SURILOH DQG URXJKQHVV YDOXHV QR VWDEOH LQIHHG FRQWURO
FDQEHUHDFKHG
,QRUGHUWRH[DPLQHWKHSUHVHQWHGSURFHVVPRGHOWKH
SDUDPHWHU YDOXHV IRU WKH IRUFH FRPSXWDWLRQ DQG WKH
UHVXOWLQJ UDGLDO LQIHHG PXVW EH LQYHVWLJDWHG %DVHG RQ
WKH LQIHHG GDWD SURILOHV KDYH WR EH JHQHUDWHG WKDW DUH
FRPSDUDEOHWRWKRVHXVHGLQWKHH[SHULPHQWVFRQGXFWHG
7KHOLQHDUWHUPNFRIWKH.LHQ]OHHTXDWLRQ
  ·  · ቀ   ቁ
ଵି௠
 
UHSUHVHQWV D VLPSOH FRUUHVSRQGHQFH EHWZHHQ WKH
SUHVVXUH DQG WKH HQJDJHPHQW KHLJKW RI RQH URZ RI WKH
PDWHULDOUHPRYDOJULG,QFRQWUDVWWRWKLVWKHH[SRQHQWP
RI WKH IRUPXOD WDNHV WKH SURJUHVVLYH SUHVVXUHWRLQIHHG
UDWLR LQWR DFFRXQW ([SHULPHQWDO UHVXOWV ZLWK GLIIHUHQW
SUHVVXUHV ZHUH XVHG LQ RUGHU WR GHWHUPLQH WKH FRUUHFW
H[SRQHQWIRUWKH.LHQ]OHHTXDWLRQ


)LJ6LPXODWHGDQGPHDVXUHGURXJKQHVVYDOXHVRYHUWKHSURFHVV
WLPH6LPXODWLRQZHUHUXQZLWKDYDOXHRINF 
)LJ SUHVHQWV WKH URXJKQHVV YDOXHV 5] GXULQJ WKH
SURFHVVVLPXODWLRQIRUIRXUGLIIHUHQWYDOXHVRIP,WFDQ
EHVHHQWKDWWKHDEVROXWHURXJKQHVVYDOXHVDVZHOODVWKH
WUHQG GXULQJ ILQLVKLQJ PDWFKHV WKH PHDVXUHG GDWD 7KH
VLPXODWLRQ ZHUH UXQ ZLWK D IL[HG YDOXH RI NF 
7KLV YDOXH FDQ EH XVHG WR FDOLEUDWH WKH VLPXODWLRQ LQ
RUGHU WR DFFRXQW IRU GLIIHUHQW SURFHVV SUHVVXUH YDOXHV
)RUIXWXUHLQYHVWLJDWLRQVDQH[WHQVLYHFRPSDULVRQPXVW
EH SHUIRUPHG WR UHYHDO WKH LQIOXHQFH RI WKH SDUDPHWHU

)LJ([DPSOHRIDQH[SHULPHQWDOUHVXOWDQGWKHFRUUHVSRQGLQJVHWXSLQWKHVLPXODWLRQHQYLURQPHQW$IWHUWKHVLPXODWLRQRIWKHILQLVKLQJSURFHVV
WKHSURILOHYDOXHVKDYHFKDQJHGDVZHOODVWKHURXJKQHVV

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YDOXHVRQWKHVLPXODWLRQUHVXOWV
)LJGLVSOD\VWKHLQLWLDOWDFWLOHVFDQRIWKHZRUNSLHFH
DQGWKHDFWXDOZRUNSLHFHPRGHOLQWKH VLPXODWLRQ$IWHU
WKH VLPXODWLRQRI WKH ILQLVKLQJRSHUDWLRQ WKH URXJKQHVV
YDOXHKDVGHFUHDVHGLQWKHH[SHULPHQWIURP5] WR
5]  7KH FRUUHVSRQGLQJ URXJKQHVV YDOXHV RQ WKH
ZRUNSLHFHPRGHOZKLFKLVVLJQLILFDQWO\VPDOOHUWKDQWKH
PHDVXUHGGLVWDQFHKDYHEHHQFKDQJHGIURP5] WR
5] 
7KHGHWHUPLQDWLRQRIWKHVLPXODWLRQVHWWLQJVLVKLJKO\
GHSHQGHQW RQ WKH ZRUNSLHFH PDWHULDO ZKLFK PXVW EH
LQYHVWLJDWHG LQ IXWXUH UHVHDUFK +RZHYHU WKH ILUVW
VLPXODWLYHUHVXOWVDUHSURPLVLQJ

5. Conclusion and Future Work 
,Q WKLV SDSHU DPLFURVFRSLFPDWHULDOUHPRYDOPRGHO
DQG DPRGHO IRU IRUFHFRQWUROOHG KRQLQJ RSHUDWLRQV DUH
SUHVHQWHG %DVHG RQ WKUHHGLPHQVLRQDO PLFURVFRSLF
VFDQVRIWRROVDQGZRUNSLHFHVFRUUHVSRQGLQJPRGHOVDUH
FUHDWHG DQG D GLUHFW LQWHUVHFWLRQ URXWLQH LV GHVFULEHG
:LWKWKHVHWKHWUDQVLHQWPDQLSXODWLRQVRIWKHZRUNSLHFH
VXUIDFHDUHVLPXODWHGDQGWKHHIIHFWVRIGLIIHUHQWSURFHVV
SDUDPHWHUYDOXHVFDQEHUHSURGXFHG
$QH[LVWLQJSUREOHPLVWKHFRPSXWDWLRQDOFRPSOH[LW\
RIWKHLQWHUVHFWLRQURXWLQHHYHQLQFDVHVZKHUHDVLPSOH
PDWHULDO UHPRYDO LVFRPSXWHG6LQFH WKHPRGHOVGRQRW
ILWHQWLUHO\LQWRWKHFDFKHVRIPRGHUQ&38VDQGEHFDXVH
RI WKH YHU\ SUHFLVH PRGHOV UHTXLUHG DQ H[FHVVLYH
DPRXQWRILQWHUVHFWLRQVKDVWREHFRPSXWHG%HFDXVHRI
WKHQDWXUHRIWKHWDVNWKHDOJRULWKPKDVDKLJKSRWHQWLDO
IRU SDUDOOHO H[HFXWLRQ DQG EHQHILWV IURP PXOWLSOH &38
FRUHV 0RUHRYHU LW LV SRVVLEOH WR XVH WKH *38 RI D
JUDSKLFV DGDSWHU WR LQFUHDVH WKH VLPXODWLRQ VSHHG 7KH
ILUVW WHVWV ZLWK D SDUDOOHO LPSOHPHQWDWLRQ XVLQJ D *38
UHVXOWLQJLQVLPXODWLRQVZKLFKZHUHWLPHVIDVWHUWKDQ
WKRVHXWLOL]LQJD&38EDVHGLPSOHPHQWDWLRQ
&RQWLQXLQJ LQYHVWLJDWLRQV LQWR WKH VLPXODWLRQ
SDUDPHWHUVUHJDUGLQJWKHIRUFHPRGHODQGLQIHHGFRQWURO
ZLOOEHPDGHDQGDQDQDO\VLVRIWKHSUHVVXUHDQGFXWWLQJ
VSHHG SURFHVV SDUDPHWHUV ZLOO EH SHUIRUPHG 7KH
QHFHVVLW\ RI XVLQJ D PRGHO IRU WRRO ZHDU VKRXOG EH
LQYHVWLJDWHGDVZHOO
)LJ GLVSOD\V WKH WRRO PRGHO ZLWK WKH DPRXQW RI
PDWHULDO UHPRYHG IRU HDFK SDUFHO PDSSHG WR D FRORU
VFDOH $V FDQ EH H[SHFWHG RQO\ D VPDOO SRUWLRQ RI WKH
JUDLQV LV UHVSRQVLEOH IRU WKH PDWHULDO UHPRYDO 7KHVH
GDWDFRXOGEHXVHGWRGHWHUPLQHWKHJUDLQPRVWOLNHO\WR
EH GDPDJHG LQ WKH SURFHVV 7KXV WRRO ZHDU FRXOG EH
DFFRXQWHGIRUZLWKWKLVPRGHO


)LJ0RGHORIWKHWRROZLWKFRORUFRGHGDPRXQWRIUHPRYHGPDWHULDO
IRUHDFKKHLJKWYDOXH
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